The plasmid DNA containing a NPTII as a selectable marker gene and a tobacco PAL cDNA combined with the CaMV 35S promoter and NOS terminator was transformed into tobacco cells by a particle bombardment device based on flowing helium. The most efficient transformation was achieved when the amount of DNAcoated tungsten particle was 0.2mg per projectile, the amount of plasmid DNA was 41g/mg of tungsten particles, the helium pressure accelerated was 3 kg/cm2, and the distance between the sample and the projectile was 15 cm. Genetic analysis of kanamycin-resistant transformants obtained showed that the PAL cDNA construct integrated into the genome of tobacco cells. PAL activity of the transformant increased almost 4-fold and scopoletin content increased more than 2-fold as compared to nontransformed cells.
Introduction
Phenylalanine ammonia-lyase (PAL; L-phenylalanine ammonialyase, EC 4.3.1.5) catalyzes the first step in the synthetic pathway for a diverse array of plant natural products having phenylpropane skeleton. We had already reported that the addition of kinetin in tobacco cell (Nicotiana tabacum L. Bright Yellow T-13) culture increased PAL activity (about 2-fold), and caused an accumulation of a high level of scopoletinl.
To clarify the mechanism of this kinetin-mediated PAL induction, we had cloned a full-length PAL cDNA(2, 546-bp full-length PAL cDNA containing a 2,136-bp open reading frame, a 204-bp 5'-noncoding region, and a 206-bp 3'-noncoding region containing a 19-bp polyA) 2).
In order to study a regulatory mechanism in phenylpropanoid synthetic pathway, and to obtain a tobacco cell capable of forming a higher level of scopoletin by molecular breeding, we tried to introduce a PAL cDNA into tobacco cells using a particle bombardment device based on flowing helium3,4
Materials and Methods
Tobacco callus and plasmid DNA
A habituated Nicotiana tabacum L. "Bright Yellow" T-13 callus was maintained on hormone-free (Fig. 1) . The plasmid pEG-PALL was constructed by replacing the GUS gene in pEG1 with the tobacco PAL cDNA fragment containing the whole protein coding region (Fig. 1 ). 2. DNA transfer and selection of transformants i) Transformation of DNA into intact tobacco cells The tobacco callus (about 500 mg-wet weight) was placed on a Whatman no. l filter paper (3.0cm in diameter), or the suspension cultured cell was evenly distributed over the surface of filter paper with the aid of a Buchner funnel. The filter paper with cells was placed on MS medium solidified with agarose (8.5g/liter) in a Petri dish (6.0cm in diameter). Cells were then bombarded in a vacuum (60 mmHg) with tungsten particles (GTE Sylvania, average diameter of 1.3Lm) to which plasmid DNA was previously adsorbed4. The particle bombardment device used in this experiment A NPT II probe and a 35 S probe which were used in Southern blot analysis were indicated. Abbreviation: GUS, a-glucuronidase; NOS, nopaline synthase; NPT II, neomycin phosphotransferase; PAL, phenylalanine ammonia-lyase.
has been detailed3,4 ii) Detection of GUS expression in transformed cells Following bombardment, the filter papers with cells were transferred onto fresh MS medium solidified with agarose (8.5 g/liter), and incubated for 48 hr at 2TC. The resulting filter paper was then transferred onto a Petri dish previously contained 300cl of the GUS substrate mixture, so that the filter paper adsorbed the substrate mixture evenly over its entire area. The substrate mixture consisted of 0.5mM potassium ferricyanide, 0.5mM potassium ferrocyanide,1.9mM 5-bromo-4-chloro-3-indolyl-8-D-glucuronide (X-Gluc, the substrate of GUS) (Wako Pure Chemical Industries), and 0.3% (v/v) Triton X-100. Then cells were incubated for 24 hr at 3TC, successively added with 2 ml of 70% (v/v) ethanol to stop the reaction and to maintain an aseptic condition.
GUS-expressing cells were detected microscopically by the distinct blue color that developed within their interior as a result of enzymatic cleavage of X-Gluc.
iii) Selection of stable transf ormants Following bombardment, the filter papers with cells were transferred onto fresh MS medium solidified with agarose (8.5g/liter) and incubated for 5 days at 2TC. Then cells were plated on agarsolidified MS medium containing kanamycin(100 cg/ml). Kanamycin-resistant cells were identified after 1 month of incubation.
Detection of PAL expression in transformed cells i) Southern blot analysis
For Southern blot analysis, total genomic DNA prepared from transformants were digested with EcoRI and HindIII. The resulting DNA fragments were fractionated by agarose (1%) gel electrophoresis, followed by blotting to a nylon membrane (Gene Screen Plus, Du Pont). The 4.3-kb PstI fragment containing the NPTII gene and the 0.8-kb HindIII-SmaI fragment containing CaMV 355 promoter from pEG1 were 32P-labeled by random priming (Multiprime Labeling System, Amersham, Japan), and used as a probe in Southern blot analysis (Fig. 1) . The prehybridization was done at 42°C for 30 min, in a hybridization buffer consisting of 50% (v/v) f ormamide, 1% (w/v) SDS, 2 x SSC (0.15 M NaCI, 15 mM sodium citrate), and 10% dextran sulfate. The hybridization was done at 42C for 16hr in the same solution to which 50 cg/ml of denatured salmon sperm DNA and the 32P-labeled probe had been added. The membranes were washed at 42C for 20 min. twice in 2 x SSC, 1% SDS, and once in 0.2 x SSC, 1% SDS, and autoradiographed on X-ray film.
ii) Western blot analysis Total proteins extracted from cells with 50 mM borate buffer (pH 8.8) containing 5 mM 2-mercaptoethanol were analysed by SDS-PAGE by the method of Laemmli6. The PAL protein was detected by Western blot analysis using rabbit anti-tobacco PAL-IgG7 as a first antibody and goat anti-rabbit IgG conjugated with peroxidase as the second antibody by the method of Remick et alb9.
iii) Assay of PAL activity and scopoletin formation PAL activity and scopoletin content in cells were determined as described previously. PAL activity was determined from the rate of the formation of t-cinnamic acid, which was spectrophotometrically measured by the increase in absorbance at 290 nm at 30C. One unit was defined as the amount forming 1 pmol t-cinnamic acid per minute under the assay conditions.
Results and Discussion
At first, in order to determine the optimum conditions for use of a particle bombardment device, we transformed tobacco cells by the device with DNA (pEGI: 35S-GUS) -coated tungsten particles and judged the result using transient assay of GUS. Typical results of the GUS assay for tobacco callus and suspension cultured cells that had been bombarded with tungsten particles coated with plasmid pEG1 were shown in Fig. 2 . The appearance of a large number of dark spots indicated that GUS-expressing cells were present in the callus of the suspension cultured cells, however, dark spots were not present at all in the control tobacco cells bombarded with non-coated tungsten particles (data not shown). These results showed that particle bombardment provided a successful delivery of plasmid DNA into tobacco cells and the expression of the introduced gene. Table 1 shows the effect of the distance between the sample and the projectile on transient GUS expression To determine whether stable transformants could be obtained from callus or suspension cultures, cells were bombarded with tungsten particles coated with the plasmid pEG-PALL containing a NPTII gene as a selectable marker (Fig. 1) , and then transformants were selected on kanamycincontaining medium. Six independent kanamycin-resistant calli were obtained from callus transformed with pEG-PALL. To obtain evidence for stable transformation, total genomic DNA was extracted from kanamycin-resistant callus and control callus, digested with EcoRI, and analyzed by The expression of the GUS gene produced intense dark color spots. Scale bar of the panel C is 1mm. Table 1 . Transient expression of GUS gene in transformants.
Southern blot hybridization using a NPTII gene as a probe. Every kanamycin-resistant clone tested showed one or two hybridizing bands that were larger than 3. 0-kb in size, whereas nonbombarded callus did not show any signal (Fig. 3-A) . These results indicated that the plasmid pEGPALl DNA was introduced into the genome of tobacco cells. Out of the six kanamycin-resistant clones, one callus (# 1) was chosen and further analyzed, since this clone showed the strongest band in the autoradiogram. As shown Fig. 3 Table 2) . Immunoblotting analysis revealed a single band reacted with anti-PAL antibody at the position corresponding to the subunit (MW: 74, 000 Da) of tobacco PAL (PAL enzyme protein consisted of four homogeneous subunits.) (Fig. 4) . Several minor proteins reacted nonspecifically.
Comparing the intensity of protein bands, the PAL reacted with anti-PAL antibody revealed an increase of PAL content in clone # 1. These results indicated that *1 PAL activity was assayed using cells cultured for 5 days. Average of t wo independents. *Z L-Phenylalanine (precursor) (0.3mg/ml) and casamino acids (3 mg/ml) were added on the 11 th day and the cells were harvested on the 14 th day after inoculation. Average of two independents. 
